INTRODUCTION
Sand supplied to a coast by streams, cliff erosion, and other sources generally is moved in one particular direction along the shoreline as a littoral drift by the prevailing wave conditions in the area (3) . When this drift encounters a partial obstruction, such as a prominent natural headland or a major engineering structure, a condition is realized which is conducive to sediment deposition. Such littoral compartments eventually become filled and some sand is carried past the obstruction. If the topography back of the area of deposition is relatively low and the prevailing winds are onshore, considerable quantities of sand may be moved inland to create a dune system. This loss of material from the coast may affect the stability of the downcoast shoreline. A measure of the annual loss of sand from a particular section of coast by wind action is necessary in many instances. A method of estimating this loss of sand involves the use of a suitable transport equation along with a knowledge of the sand characteristics and the duration and velocity of the wind in the area under study.
SAND TRANSPORT EQUATION
Numerous laboratory investigations on sand transport by wind action have been made over the years. Recently these various studies were critically reviewed and additional laboratory measurements made by Belly (2) . The results of these studies indicated that the Bagnold equation (1), when supplemented by data by other investigators, best defined the rate of sand transport by wind action. The basic Bagnold equation for the rate of sand movement, q, per unit width and unit time is
where D is the grain diameter of standard 0. 25 mm sand; d is the grain diameter of the sand under study; y is the specific weight of air; g is the acceleration of gravity; U* is the shear velocity, and c is a coefficient with a value of: 1. 5 for nearly uniform sand, 1. 8 for a naturally graded sand, and 2. 8 for a very wide range of grain diameter.
The shear stress, T , produced at the sand surface by wind is one of the most important factors in the movement of sand by wind. When the shear stress exceeds a certain critical value, the sand particles start to move. As long as there is no sand movement, the wind velocity distribution is described by the general equation
in which U is the velocity at height Z above the sand surface and Z 0 is a reference parameter. In experiments where sand movement occurs, it was developed by Zingg (6) that U = 6.13U* log
where Z' is the height where the velocity profiles for different wind speeds appear to meet at a point which is termed a "focus" and U' is the wind speed at this elevation. The height of the focus, Z' appears to be associated with the height of the ripples on the surface. Zingg (6) found that the value of Z' and U' is given by the expressions where t is in hours per year.
ESTIMATES OF TRANSPORT FROM NATURAL BEACHES
As an illustration of the application of the above equations to calculating the annual transport of sand from a beach, Salmon Beach in Northern California was selected (Fig 1) (Kadib>(4). As discussed by Zeller (5) , this is a typical condition for the establishment of a major sand dune area--namely, (1) a supply of sand from streams upcoast from the area, (2) a prominent headland where sediment over the centuries has accumulated, and (3) low topography back from the beach where the prevailing onshore winds can easily move the sand inland from the region of accumulation at the beach.
In the calculations to follow it is assumed that the sand size at the mid-tide level on the beach face is a measure of the sand being blown inland from the beach by wind action. Consequently, sand samples were taken at the mid-tide level for eight localities along the coast as shown in Fig. 2 . These samples were subjected to mechanical analyses and the 50% grain diameter (d5o) determined. These mean diameters are shown in Fig. 2 . For calculations the coastline was divided into eight reaches whose characteristics are shown in Table 1 .
The wind duration in hours of winds of various speeds from various directions was compiled from wind observations taken nearby at the Pacific Marine Station, Dillon Beach, California. A year of observations (September 1, 1962 to August 31, 1963), in which both wind speed and direction were obtained from an anemometer located at 18 ft above the ground surface, are summarized in Table 2 . As indicated in this table, the anemometer recording system was inoperative a portion of the time; consequently, the computed rate as indicated below perhaps is on the low side, but the computation procedure is valid. In Table 2 wind speeds below 10 mph were considered as "calm, " since their contribution to transport can be considered as small. The choice of the uneven values of wind speeds resulted from the reduction of wind data from the anemometer chart and the calibration curve of the anemometer.
Although it is noted from Table 2 that winds may blow from practically all directions, it is evident from Fig. 2 that winds from only a few directions will cause an inland transport of sand from the beach. Thus, considering the different possible wind directions to give inland transport, it appears that only four directions need be considered at Salmon Beach. These directions are N, NW, W, and SW. The perpendicular projections 12, Z4> ^1» an d I o, respectively, of these directions (Fig. 3) were measured and presented in Table 3 . These lengths represent I in equation 7 for total transport calculations.
". Fig. 3 The shear velocity, U#, in equation 7 is calculated from equation 3 with the values of Z' and U' being evaluated by equations 4 and 5, respectively, from the mean grain diameter, d, for each reach. Values of Z 1 and U' for each reach are presented in Table 4 . The value of Z in equation 3 was 18 ft, the anemometer height. Using the data in Table 4 the shear velocity for various wind speeds U observed at an elevation Z of 18 ft was calculated for each reach and is summarized in Table 5 . A sample calculation for the data summarized m Tables 4 and 5 Using the above equations and the data presented in Tables 1-5 , inclusive, the total annual transport can be calculated for each reach for all winds contributing to the movement of sand. The procedure m these calculations is presented in Table 6 where Reach 4 is considered as an example. Winds in excess of 10 mph from the critical directions of N, NW, W, and SW are considered. The application of the various data in the calculation of the annual rate of transport in Reach 4 by equation 7 is self-explanatory. Similar calculations for the other reaches along the beach under investigation show a total estimated annual rate of transport inland of approximately 11,000 cubic yards; however, as previously stated this quantity perhaps is on the low side since the anemometer was inoperative for an appreciable percentage of the time. It should be noted that no reduction was made in the calculated rate of transport for sand being in the moist condition--which Belly (2) showed to be an important factor. This factor may be particularly important in localities, such as the section of the California coast discussed above, where high winds may also be accompanied by considerable rain.
SUMMARY
A procedure is outlined for the calculation of the annual rate of transport of sand that might be expected to be carried inland from a natural beach by wind action. The procedure involves the beach composition and alinement, the frequency of winds dfi various speeds from various directions, and a suitable formula to describe the transport. It is possible that the transport formula may be altered as a result of current research; however, the general procedure as outlined herein should apply.
